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Introduction
Nanotechnology is a field that has been attracting the interest of many research groups and, nanomaterials have become key elements for science and technology, especially due to their physicochemical properties that can be controlled according to their size and/or shape. A class of emerging nanomaterials is the quantum dots (QDs), fluorescent semiconductor nanocrystals with diameters from about 2 to 10 nm. These nanostructures have proved to be a powerful tool to develop electroluminescent devices, optical switching systems, photovoltaic cells, and more recently biomedical nanoprobes. 1, 2 The "discovery" of QDs was ascribed to Alexei Ekimov, a Russian physicist that synthesized, for the first time (in 1981), CuCl 2 semiconductor microcrystals in a glass matrix. 3 Another important Russian researcher was Alexander Efros, who established the first theoretical principles for QDs, i.e., he explained the optical behavior of this special class of semiconductors by electron confinement. These findings lead Ekimov and Efros, 4 in 1985, to study quantum size effects in semiconductors. The authors observed an appreciable variation in the QDs wavelength emission to low values when their size was decreased. Concurrently and motivated by these discoveries, the American chemist Louis Brus synthesized the first colloidal suspensions of CdS QDs. 5 Nevertheless, when QDs were first studied, researchers did not expect that this class of nanomaterials would be one day useful for biological applications. However, in 1998, two independent studies presenting the use of QDs for biological purposes were published. 6, 7 The first bioapplications reported in the literature were essentially performed applying colloidal CdSe QDs synthesized by hydrophobic routes, which needs further preparation procedures to render a biocompatible material. Currently, a great number of different hydrophobic or hydrophilic procedures to obtain QDs are already well established. To guarantee the colloidal stability, preventing agglomeration and precipitation during the nanocrystals' growth, stabilizers and surfactant agents need to be associated to the surface of the nanoparticles. This coating layer controls the growth of the nanocrystals and can also serve to functionalize them, facilitating their conjugation with other molecules, nanoparticles, or other interfaces. For biological applications, the end-capped QD's surface, in general, consists of alkyl thiol molecules such as mercaptosuccinic acid and cysteamine or polymers like polyethylene glycol (PEG). Also, a variety of nanocrystals compositions can be found, consisting mainly of atoms of the II-VI, III-V or IV-VI groups of the periodic table. 1, 2 Good examples are composed of binary combinations of these atoms forming nanocrystals, such as CdTe or ZnSe QDs (II-VI group), InP QDs (III-V group), or PbSe QDs (IV-VI group). 8, 9 Lately, new types of copper-based ternary and quaternary multicomponent QDs have also been prepared, as they have more environmental friendly compositions and show near-infrared emission profiles. Examples of ternary and quaternary nanocrystals include Cu−In−S (CIS), Cu−In−Se (CISe), Cu−Zn−In−S (CZIS), Zn−Ag−In−Se (ZAISe) and Zn−Ag−In−S (ZAIS). [10] [11] [12] The QDs' fluorescence arises from the electron-hole recombination of excited electrons that were promoted to the conduction band (CB) and return to the valence band (VB). As a consequence of the quantum confinement, the nanocrystals will present energy level discretization and bandgap energy (Eg) inversely proportional to their size, as shown in Figure 1a . 13 Thus, the quantum confinement influences directly the QDs optical properties, providing size tunability of the emission band, exemplified by the naked-eye fluorescence of different sized CdTe QDs shown in Figure 1b . 1, 2, 13 The QDs emission wavelength is also inversely proportional to the value of Eg: the higher Eg the lower the emission wavelength. Furthermore, QDs have a high surface area, due to their reduced size, which results in a large number of surface defects that affect their photoluminescence properties. Thus, in order to reduce the nonradiative recombination sites, the nanocrystals are usually coated with a second semiconductor layer, usually of wider Eg, that passivates the surface, improving the luminescence efficiency and resulting in a core/shell structure ( Figure 1c ). 1, 2, 9, 13 A representative transmission electron microscopy (TEM) of the nanocrystals is also presented in Figure 1d .
(Bio)conjugation Strategies Applied to Fluorescent Semiconductor Quantum Dots
For core/shell QDs structures: (i) the core is responsible for the emission; (ii) the shell avoids non-radiative transitions, and (iii) the surface molecules confer colloidal stability and functional groups to be used for further conjugation to molecules of biological interest (Figure 1c ). The association of QDs and biomolecules can be carried out by covalent, adsorption or other types of conjugations. For QDs prepared in aqueous media, the surface molecules also confer charges to the nanocrystals' surface. For instance, carboxylate coated nanocrystals will be negatively charged at physiological pH, whereas the amino-functionalized ones will be cationic. PEG molecules present a zwitterionic character, which is also important for biological interactions. [14] [15] [16] Over the years, it was revealed that, besides the size-tunable emission, QDs present many other special features for biological application purposes: (i) broad absorption and narrow emission spectra, allowing the use of only one light source to obtain a multicolor labeling; (ii) high quantum yields, providing bright fluorescent images; (iii) low photobleaching rates allowing the follow-up of long-term real-time processes, and (iv) highly active surfaces for conjugations. 2, [17] [18] [19] In recent years, in vitro and in vivo QD biological applications have remarkably increased due to the outstanding physicochemical properties of these nanocrystals. For that, QDs have been conjugated with a variety of molecules, such as nucleic acids, 20 antibodies and/or their fragments, 21,22 lectins 23,24 and carbohydrates. 24, 25 The QDs associated with specific molecules have been applied, as fluorescent nanotools, in a great variety of studies, such as quantitative and qualitative cell labeling, 22 receptor expression and recycling investigation, 26 yeast cells labeling, 23 parasite metabolism monitoring, 27 in vivo animal applications, 28, 29 cancer diagnosis and therapy. 30 In addition, several studies have been developed in the field of fluoroimmunoassays and biosensors, 1, 31, 32 exploiting both optical and semiconductor properties of QDs. [33] [34] [35] Also, more recently, QDs have been associated with paramagnetic compounds to develop multimodal nanoprobes for optical and magnetic resonance imaging. [36] [37] [38] Furthermore, QDs were also applied as photosensitizers in photodynamic therapy. 39, 40 To be successful in all of these applications it is fundamental to prepare an efficient and stable bioconjugated system. Since the first successful trials, that applied semiconductor QDs as fluorescent biolabeling tools in 1998, a large number of different conjugating approaches were tested. The first procedures consisted of adaptations of known conjugation techniques developed to link organic fluorescent molecules with proteins and other molecules and species. Currently, we observe a large number of different conjugation approaches described in the literature, which take into account (i) the nature of the QDs (i.e., size, hydrophobicity, chemical coating); (ii) the chemical system that will be conjugated and (iii) the final biological or chemical target we aim to apply. Thus, the present manuscript aims to describe the state of the art of the conjugation strategies applied to semiconductor QDs and the most relevant methods for conjugation evaluation.
Bioconjugation Strategies
Conjugation of QDs to molecules for biological applications was first described by two independent groups, at the same time, in 1998. Bruchez et al. 6 conjugated QDs to biotin, to label F-actin cell filaments using a biotinstreptavidin strategy. Simultaneously, Chan and Nie 7 conjugated QDs to two proteins (IgG and transferrin-Tf) using a carbodiimide (ethyl-3-(dimethylaminopropyl) carbodiimide, EDC or EDAC) as the coupling agent. Since these breakthroughs, conjugation of fluorescent nanocrystals has grown exponentially, and many other conjugation strategies have been developed. 2, 16, 41, 42 In general, during a bioconjugation process, it is necessary to take into account the following observations: (i) the bioconjugation procedure cannot affect the biomolecule intrinsic activity; (ii) the procedure cannot quench the nanoprobe optical properties; (iii) the quantity of the biomolecules on the QDs' surface should be controlled; (iv) the obtained bioconjugate should be stable under physiological conditions; (v) the bioconjugate cannot establish unspecific bindings with biological systems and therefore, when needed, blocking the unreacted coupling agents should be applied.
To associate QDs with other compounds, such as (bio) molecules, nanoparticles (NPs), and surfaces (from now on referred to as biomolecules in the text), there are two main approaches: non-covalent binding and covalent linking (as represented in Figure 2 ). Non-covalent bindings can be accomplished by different types of interactions between the nanocrystals and the biomolecules, such as by adsorption or chemical affinity. Covalent binding require that a covalent bond is formed between the QDs' coating agent and the biomolecule, and many coupling agents can be used to accomplish this. 42, 43 Here, we describe the majority of the non-covalent and covalent strategies currently applied to associate QDs with molecules, surfaces or other particles. We present the chemical principles behind each conjugation method and some well succeeded examples from the literature.
Non-covalent binding strategies
Non-covalent binding between nanocrystals and biomolecules can be achieved by different methods, such as adsorption, direct attachment to the QDs' surface and (strept)avidin-biotin affinity.
Adsorption
A common and simple strategy for QDs' bioconjugation is the passive adsorption, which has been extensively used to associate QDs with biomolecules and other small molecules. This method may be used with either hydrophobic or hydrophilic QDs. The adsorption of biomolecules on hydrophobic NPs is a result of strong interactions between the non-polar regions or aromatic amino acids with the NPs' surface coating. On the other hand, hydrophilic NPs can establish electrostatic interactions between their surface coatings and polar molecules. Proteins usually possess a hydrophilic surface and a hydrophobic center, thus to interact with non-polar particles a conformational change must occur. These conformational changes can lead to protein denaturation and loss of biological activity, so adsorption by electrostatic interactions is generally the method of choice. 16, 42, 43 Electrostatic adsorption relies on the attraction between species with opposite charges, originating a non-specific bond between the NP and the biomolecule. A frequently used strategy for QDs' non-covalent conjugation is the association of negatively-charged QDs with positivelycharged biomolecules (Scheme 1). The formed bond is, in general, weak and dependent on the magnitude of the QDs' and the biomolecule' charge. It is also susceptible to medium conditions, such as pH, ionic strength and temperature. Furthermore, under certain conditions and in the presence of competitive molecules (i.e., other biomolecules present in the biological environment), a dissociation followed by an exchange with another molecule can occur. 17, 42, 43 This type of bioconjugation was applied to conjugate QDs with a wide range of biomolecules, mostly proteins, 44, 45 porphyrins, 40 lectins, 23,46 carbohydrates 47 and nucleic acids. 48 For example, Viana et al. 40 produced systems consisting of mercaptosuccinic acid (MSA) functionalized CdTe QDs bounded electrostatically with Zn II porphyrins (ZnP). Porphyrin derivatives are widely used in photodynamic therapy presenting great efficiency in reactive oxygen species (ROS) production. The electrostatic interaction was obtained by mixing QDs and ZnP molecules at different ratios, exploring the negative and positive charge interactions of CdTe-MSA and ZnP, respectively. The conjugation efficiency was evaluated by absorption and emission spectroscopies, as well as, zeta potential measurements.
The same strategy was used in 2017 by Cunha et al. 23 to conjugate negatively-charged QDs with Cramoll lectin, for Candida albicans labeling ( Figure 3 ). For the preparation of conjugates, the pH of the hydrophilic CdTe QDs was adjusted to 7.0, followed by the addition of Cramoll, at 25 ºC. This pH allowed an efficient and specific cell labeling, around 92%, determined by flow cytometry.
Direct attachment to the surface
Biomolecules can be attached directly on QDs' surface by dative interactions, usually by thiol interactions or metal-affinity coordination. A dative bond is a coordination bond, formed by the donation of two electrons by a single atom of the biomolecule. These bonds have lower energies and higher lengths than covalent bonds. Thus, they are sensitive to pH, oxidation, and exchange with similar molecules. 17, 42, 43 Metal-affinity interactions between QDs and biomolecules are usually accomplished by the binding of the imidazole ring, present at histidine (His) residues, to the cationic metal on the QDs' surface (Scheme 2). Increasing numbers of His amino acids in the biomolecule will increase affinity to the QDs, improving the bioconjugation. 42, 43, 49 Thiolated molecules have also been used in non-covalent conjugation of QDs (Scheme 3). The sulfhydryl group can establish dative bonds with the metal present on the QDs' surface. The main drawback of this strategy is that the biomolecule needs to have available thiol residues. Another concerning issue is that the QDs' surface capping agents cannot hinder the thiol binding by competing for the available surface sites. 42, 43, 49 The association of QDs and biomolecules by direct attachment to the nanocrystal surface has been widely used, for example with proteins, 50-52 carbodydrates, 25,53 polymers 54 and viruses. 55 In search of more efficient bimodal contrast agents for optical and magnetic resonance imaging (MRI), McAdams et al. 37 anchored Gd III complexes on the QDs surface. The diethylenetriaminepentaacetic (DTPA) dianhydride was reacted with 4-aminothiophenol, followed by complexation with Gd III , yielding the thiol-functionalized DTPA-Gd III chelates. These chelates were then attached to the surface of hydrophobic CdSe/ZnS QDs by a ligand exchange methodology. The conjugates were characterized by TEM, energy dispersive X-ray spectroscopy (EDS) and UV-Vis spectroscopy.
In a similar approach, polyhistidine linkers were used by Palomo et al. 25 to associate QDs to cell glycans. In this work, designed peptides containing a polyhistidine linker were coupled to sialic acid residues and, then attached to the surface of hydrophobic CdSe/ZnS QDs. The conjugate efficiency was evaluated by electrophoresis, and its specificity was confirmed by fluorescent studies applying these probes to target Sambucus nigra lectin.
(Strept)avidin-biotin binding
The (strept)avidin-biotin complex has been widely used to conjugate several molecules and particles (Scheme 4a). This method is based on the natural high-affinity interactions between avidin or streptavidin and biotin, which are similar to that of receptor-ligand or enzyme-substrate interactions. However, the (strept)avidin-biotin binding is one of the strongest non-covalent interactions known, approaching the covalent bond strength, and for this reason, the process is often described as a covalent conjugation method. The strength of (strept)avidin-biotin complex is extremely useful in bioconjugate chemistry since it is resistant to changes in pH, buffer salts, temperature and, procedure manipulations, such as multiple washings steps. 43, 56, 57 Biotin is a small molecule (Scheme 4b), also known as vitamin H or B7 that can be inserted in biomolecules or particles without affecting their activity or properties. This molecule possesses a carboxylic acid, which allows the covalent conjugation to a variety of species. 43, 56 Avidin is a glycoprotein constituted by four identical subunits, each one containing one binding site for biotin. The binding pocket, in each subunit, possesses tryptophan and lysine amino acids and mannose and N-acetylglucosamine carbohydrates. Due to its composition, avidin has a great tendency for non-specific binding with other molecules. Furthermore, its high positive charge can activate unwanted electrostatic interactions with negatively-charged cell membranes. The removal of avidin carbohydrate residues by a chemical deglycosylation procedure has been used to overcome this drawback, without affecting the avidin affinity. 43, 56 Streptavidin is a biotin-binding protein, similar to avidin, containing also four binding sites to biotin, one in each subunit. The main difference is that streptavidin is nonglycosylated protein, therefore with reduced tendency to bind to carbohydrate receptors. The commercially available streptavidin is a lower-mass form of the native protein, having a molecular mass lower than avidin. The overall charge of streptavidin is also lower than that of avidin, which makes it less likely to interact electrostatically with other molecules or cell membranes. For this reason, this protein is also less soluble in aqueous medium than avidin. 43, 56 The (strept)avidin-biotin conjugation has often been used, however, this strategy presents a major drawback which is related to the large size of the final structure since strept(avidin) is a protein and most of the targeted biomolecules are also proteins. This limitation makes this approach less popular than the carbodiimide coupling strategy. 42, 57 Another issue is that biomolecules need to be biotinylated. As this step is usually achieved by linking the biotin to the biomolecule using a spacer, the length of this spacer may affect the (strept)avidin-biotin binding rate. 43 For bioconjugating QDs using this method, a frequent approach is the functionalization of their surfaces with streptavidin or avidin and the use of biotinylated biomolecules. The tetrameric structure of (strept)avidin, which allows the binding of more than one biotin group, can be especially used to enhance the desired QD signal. 43, 56, 58 Several groups have reported the use of this protocol to conjugate QDs to peptides, 31, 59 proteins, 60 antibodies 61,62 and nucleotides. 63, 64 The method of streptavidin-biotin bonding was applied by Ghimire et al. 65 to develop transparent thin films involving QDs conjugated to polymers. Initially, the chitosan-polystyrene (CS-PS) copolymer was reacted with biotin and then added to streptavidin-conjugated CdSe/ZnS QDs. This methodology allows a uniform distribution of conjugated QDs in the film, maintaining their original optical properties.
Tang et al. 31 used QDs as fluorescent labels to detect the amyloid-beta peptide 1-42 (Aβ 1-42 ), a biomarker for Alzheimer disease. Using microplates, these authors prepared a double antibody sandwich immunoassay. Firstly, a specific C-terminal antibody was immobilized in the plate and the free sites blocked by a protein-free blocking buffer. Then the biotinylated antibody of Aβ1-42 was added, followed by the addition of commercial CdSe/ZnS-streptavidin QDs. The results showed that this sandwich immunoassay was able to detect Alzheimer's peptides, even in a complex biological fluid sample.
Covalent linking
Covalent linking between QDs and molecules or other particles can be achieved using different types of coupling agents. These cross-linkers have been divided into three classes: zero-length, homobifunctional and heterobifunctional. The zero-length coupling agents mediate the reaction between two functional groups, forming a new bond without additional atoms (no spacer is added between the two original molecules). Homobifunctional agents possess two identical reactive sites, one at each end of a spacer arm (usually an alkyl chain), allowing for the conjugation between two identical functional groups. Heterobifunctional cross-linkers have two different reactive sites that can establish a covalent bond with two distinct functional groups. Both, homobifunctional and heterobifunctional coupling agents possess a spacer arm between the reactive sites, which will be added between the two-conjugated species during the linking process. 43 The coupling reagent choice needs to take into account the functional groups present either on QDs' surface or in the molecule. Here, we present different covalent coupling strategies, pointing the main coupling agents used for QDs bioconjugation, organized by functional groups present in the species involved in the conjugation process.
Carboxylic acid-amine coupling
The carbodiimide method is a standard procedure to link covalently amino acids and has been widely used in peptide synthesis. Carbodiimides are zero-length coupling agents, which mediate the reaction of carboxylic acids and amines, forming amide bonds (Scheme 5a). Carbodiimides derivatives can be water-soluble or water-insoluble. For QDs conjugation the water-soluble carbodiimides are the chosen ones, allowing the reaction in aqueous buffer solutions. Among the water-soluble carbodiimides, EDC (Scheme 5b) is frequently applied along with an additive, usually N-hydroxysuccinimide (NHS) or sulfo-NHS (an NHS water-soluble compound). 16, 43, 66 The reaction occurs via the nucleophilic attack of the oxygen of the carboxylic acid to the carbodiimide, forming an O-acylisourea, a highly reactive intermediate, which can react with amines to form an amide bond. The addition of NHS allows the formation of a second intermediate, more soluble and stable, that finally reacts with the amine yielding the final product. The first intermediate formed (O-acylisourea) reacts slowly with amines and hydrolysis can occur, reducing the conjugation yield. Another limitation associated with this low reaction rate is the potential racemization of the amino acids, which can lead to protein denaturation or activity loss. The second intermediate, formed in the reaction with NHS, is stable to hydrolysis in water and reacts rapidly with amines, creating a stable amide bond (Scheme 6). The ideal pH range for the EDC coupling is 4.5-7.5, beyond this pH value the reaction rate and yield decrease. 43, 66 Biological systems can possess amine groups that could bind to activated carboxylic groups, so a final step is required to block the unreacted NHS-esters. This could be performed by reacting the bioconjugate with glycine or tris(hydroxymethyl)aminomethane (TRIS). The carbodiimide activation will decrease the nanoparticles surface negative charge, which could lead to aggregation. This limitation can be minimized by reducing the amount of coupling agents used. 43, 67 The major drawback for this methodology is the potential polymerization of the biomolecules, which typically contain several amine and carboxylic groups. This issue could require a purification step, which may not be simple, efficient or could lead to the biomolecule denaturation. To overcome this limitation carboxyliccoated QDs are incubated with EDC/sulfo-NHS, and the active ester form is then mixed with the biomolecule or an amine-containing molecule. This two-step protocol gives greater control over the conjugation process, decreasing the biomolecules polymerization. 43, 57 Nevertheless, this carbodiimide strategy has been the method of choice for many research groups that need to conjugate QDs to biomolecules, 23, 26, 68 and also to other nanoparticles 36, 69 and small molecules. 70 Cabral Filho et al. 26 employed fluorescent techniques to better understand cancer cell biology through the evaluation of cell surface receptors for transferrin. The authors conjugated Tf with hydrophilic CdTe-MSA QDs, using the coupling reagents EDC and Sulfo-NHS. The conjugation proceeded at pH ca. 5.5 and with a ratio of QDs:Tf 1:2, forming the QDs-Tf probes. The bioconjugation efficiency of the QDs-Tf nanosystems was confirmed applying the fluorescence microplate assay (FMA). Specific labeling tests were performed using HeLa cells as a model. Also, QDs-Tf conjugates allowed for the investigation of Tf receptors in human glioblastoma cell lines (U87 and DBTRG-05MG), using confocal microscopy and flow cytometry ( Figure 4) . The results showed that DBTRG-05MG cell line presented high staining when compared to U87 cells, indicating that DBTRG-05MG cells expressed and internalized a higher amount of Tf receptors (Figure 4 ).
Another application of this bioconjugation technique, described by the same research group, is the preparation of promising bimodal MRI and fluorescent probes composed of CdTe QDs and ferrofluid (FF) magnetic NPs. 36 To activate the carboxyl-coated CdTe-MSA QDs, EDC and sulfo-NHS were added in sequence. Then, FF NPs functionalized with 3-aminopropyltriethoxysilane (APTES) were inserted into the QDs suspension. The steps of surface modification were followed by zeta potential measurements and spectral analysis.
Zhang et al. 71 employed ZnS QDs doped with Mn II associated with dopamine (Dopa-Mn:ZnS QDs) to detect tyrosinase (TYR) activity in chicken serum. The TYR activity was detected based on the fluorescence signal reduction, demonstrating the potential to apply this probe for TYR identification activity in living cells. The bioconjugation of dopamine with QDs was based on the EDC/NHS method, which explores the primary amine groups of dopamine and the carboxyl groups of QDs.
One more study, realized by Yu et al., 32 presented a fluorescence-linked immunosorbent assay (FLISA) for identification of deoxyribonucleic acid (DNA) methyltransferase 1 (DNMT 1), whose activity is related to some types of tumors. The bioconjugates were used in FLISA to detect free DNMT1 and showed potential to indicate DNMT1 levels in serum samples. In this work, DNMT1 polyclonal antibody (PcAb) was conjugated with CdSe/ZnS QDs by EDC/NHS. The conjugates were characterized by TEM and microplate assays.
Amine-amine coupling
Two amines, one on the QD surface and the other one on the biomolecule, can be covalently conjugated using homobifunctional-coupling agents, which contain two identical amine-reactive sites, such as two aldehydes or two NHS esters. Homobifunctional reagents can be used in one-or two-step protocols, both procedures presenting some issues. In one-step protocols, the QDs, coupling agents and the biomolecules are mixed together at the same time. Since each amine-reactive site can react either with QDs or with biomolecules, cross-linking between two QDs or two biomolecules can also occur. Two-step methods imply the addition of the coupling agent to the QDs, in a first step, followed by purification to remove the coupling agent excess, to form an activated intermediate. Then, in a second step, the biomolecule is added, originating the final bioconjugate. The potential problem for this approach is the hydrolysis (in aqueous medium) of the activated intermediate, preventing the second reaction with the biomolecule. 43 Nucleophiles, such as amines and alcohols, can be added to aldehydes using mild conditions. The reaction can be either catalyzed by acid or base, being more efficient at low pH or high pH conditions. The nucleophilic addition of primary amines to aldehydes produces a Schiff base.
The addition of the amine to the carbonyl groups forms a tetrahedral intermediate which, by proton transfer from nitrogen to oxygen, produces an aminoalcohol. The oxygen is then protonated, a water molecule is removed and, after proton transfer to water, an imine is yielded (Scheme 7). The Schiff base is not very stable, but it can be stabilized by reduction with sodium borohydride. 43 The nucleophilic addition of the alcohol oxygen to the carbonyl of an aldehyde is also possible and generates a hemiacetal.
This conjugation strategy has been used to associate biomolecules containing amine groups to aminated QDs, usually utilizing glutaraldehyde, a molecule containing two aldehyde moieties. One aldehyde group forms a Schiff base with the amino groups of the QDs, and the other aldehyde groups form identical bonds with the amino groups of the biomolecules (Scheme 8). Nevertheless, the resulting Schiff base is not stable and this linkage can be reversible. Reactions with glutaraldehyde are favored in alkaline medium, being more efficient at high pH. 43 Another approach to conjugate covalently two amines is a homobifunctional-coupling agent containing the NHS ester at each end of its spacer arm. These amine-reactive groups originate a stable amide when reacting with amines (Scheme 9). A popular reagent used in QDs bioconjugation is bis(sulfosuccinimidyl)suberate (BS 3 ), which contains eight carbon atoms in its spacer chain, linking the two NHS esters and, the sulfonyl group that makes this reagent aqueous soluble (Scheme 9). Optimal conditions for this reaction requires a pH between 6.5 to 8.5. 43 As mentioned above this strategy can be carried out in a one-or two-step procedure, and both present some disadvantages. In the single-step reaction procedure, all reagents are mixed together, providing a low control of the conjugation process that could lead to a huge mixture of products, such as polymerization of the biomolecules. The two-step method presents a higher control of the cross-linking process, decreasing the polymerization problem, however, the activated intermediate formed in the first step could suffer hydrolysis in aqueous solution. Another issue for this strategy is the presence of amino groups in biological systems, which could lead to an undesired link between the nanoparticle and its target. 43 Aminated QDs have been conjugated, using these homobifunctional coupling agents, to peptides and proteins, 72,73 lectins, 74 antibodies, [75] [76] [77] receptor ligands 78 and nucleic acids. 79 Ruan et al. 73 employed CdSe/ZnS QDs as fluorescentlabeling probes to target the phosphatidylserine exposed in the plasma membrane, due to drug-induced apoptosis. This bioprocess was monitored by a phospholipid-binding protein named annexin V (AV). For the conjugation of amino-QDs with AV, BS 3 was used as the coupling reagent. The conjugates were characterized using fluorescence correlation spectroscopy (FCS) and electrophoresis. The QD-AV conjugate was incubated with normal and apoptotic PANC-1 cells and analyzed by fluorescence microscopy and flow cytometry. The results showed that QD-AV conjugates were efficient in apoptosis detection.
In 2019, Zhong et al. 80 used glutaraldehyde as the coupling agent to conjugate CdS QDs to anti-Escherichia coli antibodies. The CdS QDs were prepared in an aqueous medium, using mercaptoacetic acid (MAA) as the stabilizing agent and, capped with polyethyleneimine (PEI), to introduce amino groups on their surface. These aminated QDs were then reacted with glutaraldehyde and finally incubated with anti-E. coli antibodies. The final conjugates were used in a sandwich-type electrochemical immunosensor and were able to detect E. coli in milk samples.
Thiol-amine coupling
To link covalently thiol and amine groups a heterobifunctional-coupling agent, possessing one amine-reactive group and one sulfhydryl-reactive group (Scheme 10), is necessary. The reaction with an amine can be achieved using activated-esters, such as the NHS ester. The reaction with sulfhydryl groups can be carried out with several functional groups, such as maleic anhydride derivatives and compounds containing a disulfide linkage. 43, 57 The amine-reactive end usually is an acylating agent and needs a good leaving group, since the reaction occurs via nucleophilic substitution, forming an amide. The sulfhydryl-reactive end is an alkylating agent that reacts originating either a thioether or a disulfide linkage. Usually, the sulfhydryl-reactive residue is more stable in aqueous media than the amine-reactive group. Thus, these coupling agents are used in a multistep protocol, reacting firstly with the amine-containing QDs, followed by the reaction with the biomolecule thiol groups. One disadvantage of this methodology is that free sulfhydryl groups in biomolecules are rare and they are unstable in the presence of oxygen. 43, 57 Among the most frequently used functional groups in the thiol-reactive end are maleic anhydride derivatives (called maleimides). The sulfhydryl group acts as a nucleophile, attacking the maleimide double bond, with the formation of a thioether. The ideal pH for this reaction is 6.5-7.5 (Scheme 11a). For the conjugation of QDs coated with amine groups to proteins containing a cysteine residue, the main heterobifunctional coupling agents used are succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC, Scheme 11b). 43 Other thiol-reactive groups used in heterobifunctional coupling agents are compounds containing disulfide bridge (-S−S-), which can participate in substitution reactions with sulfhydryl groups. The thiol group attacks the disulfide bond, breaking this original disulfide link and forming a new disulfide bond. A widely used compound is a heterobifunctional reagent containing a pyridyldisulfide residue (Scheme 12a). The main coupling agent used for the conjugation of aminated QDs with proteins, by this approach, is the N-succinimidyl-3-(2-pyridyldithio) propionate (SPDP, Scheme 12b). 43 This conjugation strategy needs to be carried out in a two-step procedure and, as mentioned before, firstly by the amine-reactive end followed by the addition of the thiol-containing compound. The thiol-reactive intermediate is not stable in an aqueous medium and can also react with sulfhydryl present in the biological medium. 43, 57 Nevertheless, the amine-thiol coupling strategy has been used to covalently link QDs, especially to antibodies 41, 81 and proteins. 82, 83 An example of the use of SPDP for QDs bioconjugation was described by Speranskaya et al. 84 These authors prepared CdSe QDs in an organic medium, followed by a water compatibilization step, coating the QDs' surface with polymers containing amine groups. Thiolated deoxynivalenol-ovalbumin (DON-OVA) was added to the SPDP coupling agent, forming an amine-reactive intermediate, which was then reacted with QDs-NH 2 . The conjugates were used in immunoassays and were capable of detecting the mycotoxin deoxynivalenol in wheat and maize. Recently, Brunetti et al. 85 conjugated commercial QDs-NH 2 to tetra-branched NT4 peptides, which presented potential as cancer theranostics. Firstly, the QDs-NH 2 were conjugated with sulfo-SMCC, forming a thiol-reactive QD that was added to the NT4 peptides. The covalent bond was established by the reaction with the thiol group from a terminal cysteine, present in the sequence of the peptides. These conjugates were characterized using nuclear magnetic resonance spectroscopy (NMR), TEM, dynamic light scattering (DLS) analyses and absorbance/emission spectroscopies. Applying flow cytometry analyses, the incubation of QDs-NT4 with human colon adenocarcinoma cell line (HT29) showed specific labeling.
Alcohol-thiol coupling
The conjugation between an alcohol and a thiol can be achieved using a heterobifunctional group, containing a hydroxyl-reactive site and a sulfhydrylreactive group. As mention above, reactions with thiol groups can be performed using maleic anhydride derivatives and compounds containing a disulfide bridge. The reaction with hydroxyl-containing molecules or particles can be accomplished using isocyanate groups (-N=C=O). Isocyanates react with hydroxyl residues forming a carbamate linkage and can also react with amines to form ureas. These hydroxyl-reactive groups have excellent reactivity, but their stability in water is weak. Thus, bioconjugation by this approach needs to be carried out in a two-step procedure. In an initial step, isocyanate reacts with the hydroxyl-containing species, generating a sulfhydryl-reactive intermediate for subsequent conjugation with the thiol-containing species (Scheme 13a). Once more, the thiol-reactive intermediate may react with biological compounds that contain thiol groups. The optimal conditions for this reaction require an alkaline pH (ca. 8.5). The major heterobifunctional cross-linker used, to associate NPs with biomolecules using this strategy, is the N-(p-maleimidophenyl) isocyanate (PMPI, Scheme 13b). 43, 86 To the best of our knowledge, only one research group has reported the use of PMPI cross-linker to conjugate hydroxyl-capped QDs with thiolated antibodies (Scheme 14). 87, 88 In 2012, Sukhanova et al. 87 conjugated CdSe/ZnS QDs, coated with hydroxyl-functionalized PEG polymer, with IgG antibodies (Abs) from Llama linked to a cysteine residue, using PMPI as the coupling agent. The conjugates were characterized using DLS analyses and flow cytometry. The flow cytometry results showed the specificity of the QDs-Abs to target carcinoembryonic antigen (CEA). The QDs-Abs conjugates were tested as an immunohistochemical diagnostic probe for human biopsy samples and the results showed similar immunolabeling quality to the gold standard protocol. The same research group 88 in 2014, following the same approach, linked hydroxyl-coated QDs with Abs from camelid IgG and used them successfully for imaging human appendix and colon carcinoma tissues.
Bioorthogonal covalent reactions
The ultimate goal of any bioconjugation strategy is to occur as a total chemoselective process. Biomolecules and biological systems possess an incredible variety of functional groups and reactive sites, which can cause undesired side reactions. Coupling agents are intended to be specific for a certain reaction, however, most of them also react with other functional groups. For example, maleimide derivatives, described as thiol-reactive cross-linkers, can also react with amines. The NHS ester, used as an amine-reactive coupling agent, reacts as well as with sulfhydryl and hydroxyl groups. To overcome this issue, a reactivity-based bioorthogonal chemistry approach has been developed to build stable covalent bonds for bioconjugation. 43, 89, 90 Bioorthogonal reagents should have a reactive-site that only reacts with a specific functional group, without any side-reactions with other functionalities. Ideally, when added to biomolecules or to a complex biological system (in the intracellular medium or serum) these reagents should be stable, not hydrolyze or oxidize, and should react only with the desired functional group. 43, 89, 90 Several organic reactions have been classified as bioorthogonal reactions, however, concerning QDs' bioconjugations, Cu I -catalyzed cycloaddition of azides and terminal alkynes, Diels-Alder cycloadditions involving tetrazine and alkenes and, hydrazine-aldehyde cross-links have been applied.
Click-chemistry
A bioorthogonal strategy frequently used for QDs' bioconjugation is the cycloaddition of azides and alkynes. The reaction between an azide and a terminal alkyne, also known as the Huisgen cycloaddition (first developed by Huisgen in 1964), originates a five-membered ring heterocyclic compound containing three nitrogen atoms, called triazole. Originally, this reaction was performed at high temperatures to increase its yield. However, some years later, it was found that this cycloaddition can be catalyzed by Cu I , originating high yields of the heterocycle ring even at room temperature. For this reason, the Cu I -catalyzed cycloaddition of azides and terminal alkynes was called a click-chemistry reaction. This concept foresees that a reaction should occur rapidly under ambient conditions in high yield and originate only one product. Besides its high yield and range of applications, this reaction showed to be also bioorthogonal, increasing, even more, its popularity. 43, 89 Azides which react as electrophiles in click reactions, can be easily prepared. Alkyl azides are stable, even in aqueous solution or complex biological media. However, aryl azides are unstable to UV-light or reducing agents. The majority of alkynes are also stable in a biological environment, except the ones containing an electronwithdrawing group (such as a carbonyl group). The introduction of an alkyne group can be simple, such as coupling an activated carboxylic acid with propargylamine, to form an amide bond with a terminal alkyne residue. The triazole ring formed is also stable and not susceptible to hydrolysis or other reactions that could lead to the ring cleavage. 43, 89 The main problem of this Cu I -catalyzed cycloaddition is that the azide and the alkyne do not react in the absence of copper at room temperature. Also, it has been shown that Cu I can induce damage in live cells, thus its cytotoxicity limits the use of this reaction in living systems. To overcome this drawback, Bertozzi and Jewett 89 developed a Cu-free cycloaddition of azides and alkynes, using cyclooctyne, a ring-strain alkyne. 43, 89 The first study demonstrating QDs' conjugation using the click-chemistry strategy was reported by Binder et al. 91 in 2007. These authors functionalized QDs either with azides or with alkynes and reacted them with azide or alkyne-supramolecular receptors, respectively, in the presence of Cu I . Since then, the click-chemistry approach has been growing in QDs' bioconjugation area, especially the copper-free methodologies (Scheme 15). QDs have been coated either with azides or alkynes and conjugated with proteins, 92, 93 viruses, 94 antibodies 95, 96 and other small molecules 97, 98 properly functionalized.
Zhang et al., 94 in 2012, conjugated QDs to a virus using the click-chemistry strategy. For this, the hydrophobic CdSe/ZnS QDs were coated, by a ligand-exchange methodology, with a polymer containing imidazole and azide groups. Baculovirus (a widely-used vector of gene delivery) was functionalized with dibenzylcyclooctyne (DBCO), by reacting the virus with a cyclooctyl-pegylated polymer. Addition of the QDs-N 3 to the alkyne-virus resulted in the QDs-virus conjugation, which was confirmed by fluorescence imaging studies.
In 2016, Ma et al. 96 prepared lipophilic polymer CdSe/ZnS QDs in an organic phase. Some of the oligoethylene glycol (OEG) groups present in the polymer chains had azides at their extremities, enabling their applications in click-chemistry methodologies. These functionalized QDs were mixed with DNA oligomers linked to DBCO, at room temperature. The efficiency of this bioconjugation was confirmed by electrophoresis, labeling QD-DNA conjugates with fluorophores and analyzing them by absorption spectroscopy. The QDs-N 3 were also conjugated with DBCO-functionalized IgG and epidermal growth factor receptors (EGFR) antibodies. QDs-IgG and QDs-EGFR conjugates were incubated with A431 melanoma cancer cells, and it was observed that only QDs-EGFR conjugates were bound to the cell membranes, indicating that these conjugates did not present unspecific binding.
Another example is the work of Trapiella-Alfonso et al. 29 In this study, the authors proposed nanoprobes based on QDs linked to peptides employing bioorthogonal coupling through the azide-alkyne click chemistry. After transferring hydrophobic ZnCuInSe/ZnS QDs to an aqueous medium using a two-step ligand exchange methodology the authors inserted azide functions at the QDs' surface by applying zwitterionic polymers. To enable the reaction with QDs-N 3 , arginylglycylaspartic acid (RGD) peptides were linked to DBCO and added to the nanocrystals, in the absence of Cu I ions. The bioconjugates were characterized using electrophoresis and the labeling of cancer cells, which overexpress α ν β 3 -integrins, in vitro. The QDs-RGD conjugates were also tested in vivo to study tumor Scheme 15. Schematic representation of QDs conjugation to biomolecules by a Cu I -free cycloaddition of azides and alkynes. accumulation in mice, however, the results showed nonspecific labeling, which was attributed to angiogenesis and vascularization mechanisms.
Hydrazine-aldehyde linking
Another bioconjugation strategy that is appealing from a bioorthogonal perspective is the reaction between hydrazine derivatives and aldehydes or ketones. Hydrazine derivatives react rapidly and specifically with aldehyde or ketone functional groups, forming a hydrazone bond, which is a type of Schiff base. This reaction is faster with aldehydes than with ketones, however, the hydrazone bonds formed with ketones are more stable than the ones formed with aldehydes. Nevertheless, the hydrazone bond is more stable than the Schiff base formed between aldehydes and amines (section 2.2.2.). 43, 99 The main advantage of this strategy is that biological systems, usually, do not have aldehyde and hydrazine groups. However, biological systems may contain amines that can react with aldehydes. Nevertheless, the Schiff base formed is not stable in an aqueous medium and this linkage can be reversible; the aldehyde will react quickly with the hydrazine present. Thus, the only possibility of cross-linking for this reaction, in a biological medium, would be with aldehydes or ketones generated by cell metabolic cycles, such as reduced sugars. 43, 99 This strategy has been used for QDs' conjugation to biomolecules (Scheme 16) and, studies reported in the literature describe that the nanocrystals have been functionalized with either the aldehyde or the hydrazine group. The hydrazine-aldehyde coupling has been used to conjugate QDs to antibodies, 100,101 synthetic peptides 102 and viruses. 16 This strategy can also be performed applying oxime derivatives (general formula R−C=N−OH) instead of hydrazines. 25 One example of the use of this approach is the study reported by Iyer et al., 101 in 2011. Applying aromatic aldehyde and aromatic hydrazine derivatives, these authors linked hydrophobic CdSe/ZnS QDs to the anti-EGFR antibody. Firstly, hydrophobic QDs were coated with primary amine-terminated peptides, which further reacted with PEG containing an amine-reactive site in one end of the molecule and an aromatic aldehyde, in the other end. Anti-EGFR antibodies were functionalized with aromatic hydrazines, using a heterobifunctional-coupling agent containing a hydrazine moiety and a NHS ester that was linked to an amine group of the antibody. Mixing the QDs-aldehyde and anti-EGFR-hydrazine (pH ca. 6), the biaryl hydrazone bioconjugate was obtained. The conjugation was monitored by absorption spectroscopy, observing the increase in the absorbance at 350 and 390 nm, corresponding to the biaryl hydrazone bond. The QDs-anti-EGFR conjugates were used to successfully stain MCF-7 (breast) and U87 cancer cells.
In 2015, Hong et al. 16 conjugated CdSe QDs to H9N2 virus, a type of avian influenza A virus that present risk to human health. Commercial CdSe QDs were coated with PEG-NH 2 and the modified particles reacted with succinimidyl 4-formylbenzoate (NHS-4FB), obtaining the aldehyde-modified QDs. The virus was functionalized with hydrazine using succinimidyl 6-hydrazinonicotinate acetone hydrazone (NHS-HyNic). This reagent was coupled to amino groups present in the virus by the NHS residue, leaving the hydrazine groups free for further conjugations. The QDs-virus conjugation was accomplished by the reaction between QDs-aldehyde and virus-hydrazine, and the conjugates were characterized using zeta potential measurements, electrophoresis, infrared spectroscopy and TEM microscopy. Fluorescence microscopy analysis showed the effective labeling of the virus by this approach. Furthermore, comparative studies with bioconjugates obtained via the biotin-streptavidin strategy showed that the hydrazine-aldehyde conjugates presented higher labeling efficiency.
Diels-Alder cycloadditions involving tetrazines and alkenes
A recent approach of bioorthogonal reactions applied to QDs bioconjugation is the use of Diels-Alder cycloadditions. Diels-Alder [4 + 2] cycloadditions are pericyclic reactions between a diene and a dienophile, forming two C−C bonds and a six-membered cyclic compound. Normal Diels-Alder reactions are favored by electron-rich dienes and electronpoor alkenes (dienophile), and none catalyst is required. A bioorthogonal strategy that has been developed for bioconjugation is the inverse-electron-demand Diels-Alder cycloaddition, involving tetrazines and strained alkenes. In this reaction, tetrazines (electron-poor dienes) Scheme 17. Diels-Alder cycloaddition reaction between tetrazines and alkenes. Scheme 18. Schematic representation of QDs conjugation to biomolecules by a Diels-Alder cycloaddition involving tetrazine and alkenes. react with strained alkenes through a Diels-Alder [4 + 2] cycloaddition. The adduct undergoes a further step (a retro Diels-Alder step), releasing nitrogen, and originating the final product, a dihydropyridazine (Scheme 17). This reaction proceeds rapidly in water with a high yield and great selectivity. The reagents and the products formed are also stable in biological media. 90, 103 The main disadvantage of this strategy is the requirement of the attachment of the tetrazine group to the biomolecule, which involves additional coupling steps that could be complex. Another issue is that the functionalization of the QDs and biomolecules, with the needed reactive groups (tetrazine and alkene), can lead to an increase in their hydrophobicity, which could be a drawback. Thus, development of small and hydrophilic reagents that can be used for this bioconjugation strategy is still needed.
Bioconjugation of QDs using this methodology has been developed by Bawendy's research group. 28, 104 In their approach, the nanocrystal was functionalized with the alkene norbornene and the biomolecule was linked to the tetrazine (Scheme 18). These authors prepared the QDs in an organic medium, followed by a ligand exchange procedure with an imidazole-containing polymer covalently linked to norbornene, obtaining the hydrophilic QDs coated with norbornene. The biomolecule was reacted with an aminereactive tetrazine, using N,N-dicyclohexylcarbodiimide (DCC) and NHS as coupling agents. QDs bioconjugates were obtained by reacting the QDs-norbornene and the biomolecule-tetrazine for two hours at 37 ºC. 28, 104 In 2010, the same research group functionalized QDs with tetrazine EGF to label EGFRs, which are overexpressed in the membrane of human skin cancer cells. Two approaches were adopted for the cell labeling: using QD-EGF conjugates prepared previously and, performing an in situ conjugation. In the first strategy, the QD-EGF conjugates, obtained by mixing the norbornene-coated QDs with the tetrazine functionalized EGF, were incubated with A431 human carcinoma cells. In the in situ experiment, the same cell line was incubated with the tetrazine-EGF and then the norbornene-QDs were added ( Figure 5 ). Results obtained by fluorescence microscopy showed that the two approaches labeled cells successfully. 104 In a second study, in 2015, the same approach was used to conjugate rat anti-mouse monoclonal Abs to QDs. Once coupling the amine-reactive tetrazine to Abs, they were mixed with the norbornene-QDs and, after a purification step, the QD-Ab conjugates were obtained. Since interactions with other biomolecules is a common concern, these authors evaluated the level of the QD-norbornene unspecific interactions in fetal bovine serum (FBS), using FCS measurements. Results showed that the QD-norbornene size remained unaltered and the authors suggested this as an evidence that unspecific adsorption of proteins did not occur. The same study demonstrated that these specific QD-Ab conjugates were successfully applied to label cells. 28 
Methods for Conjugation Evaluation
To improve the performance and success of the QDs' biological applications it is important to characterize and evaluate the conjugation process efficiency. Among the most popular methods for this purpose we may mention: (i) fluorescence correlation spectroscopy (FCS); (ii) DLS; (iii) electrophoresis; (iv) fluorescence microplate assay (FMA), and (v) zeta potential evaluation, which are described in this section.
Fluorescence correlation spectroscopy
In 1972 Magde, Elson and Webb developed a technique known as fluorescence correlation spectroscopy (FCS) to study the interaction of DNA with drugs using the fluorescence of ethidium bromide. 105 The FCS technique has been used in a variety of applications such as immunoassays and cell analysis studies, as well as to evaluate the kinetics and thermodynamic parameters of interactions between molecules. 106 The FCS technique uses a confocal microscope to statistically evaluate the entry and exit of molecules (or particles) in a volume of observation through fluorescence fluctuations. 106 These fluorescence fluctuations, from the volume of interest, are detected by a photomultiplier in the photon counting regime, generating a real-time electronic signal that is used to construct an autocorrelation curve as a function of time. FCS has been increasingly used as a highly sensitive technique since it works with a nanomolar (nM) sample concentration. FCS provides information related to the size, number of fluorescent molecules or particles, diffusion velocity, as well as interactions between molecules. 107, 108 Thus, FCS has been exploited to quantitatively evaluated the QD-molecules interactions by using the diffusion time and the hydrodynamic radius (R) of bare nanocrystals compared with the conjugates. 109 The R can be calculated from equation 1,
where k B is the Boltzmann constant, T is the temperature, η is the viscosity of the medium, τ D is the diffusion time, and ω x is the lateral focal volume radius obtained by calibrating the system with a solution of a dye with the diffusion coefficient known, such as rhodamine B. 106 To show what we should expect from FCS analyses, illustrative autocorrelation curves of bare QDs and conjugates are shown in Figure 6 .
Shao et al., 106 using FCS, observed that CdTe QDs were mainly bound by electrostatic attraction to BSA once their QDs:BSA conjugates presented a greater hydrodynamic radius of approximately 7.6 nm when compared to bare QDs (4.4 nm), having also different diffusion times of about 300 and 171 μs, respectively. Cabral Filho et al., 22 for example, used FCS to confirm and evaluate the conjugation between CdTe QDs with the anti-A and anti-B Abs (which recognize, respectively, the erythrocyte A and B antigens). The authors obtained a hydrodynamic diameter of about 3.8 nm for bare QDs whereas the conjugates with anti-A and anti-B exhibited a diameter of about 20.4 and 18.5 nm, respectively. This evaluation confirmed an efficient conjugation that leads to the labeling of practically all A and B erythrocytes by the respective Abs. It is also interesting to mention that anti-A and anti-B antibodies are similar molecules, which correlates with the hydrodynamic diameter obtained by FCS that was almost the same.
FCS real time measurements enables the monitoring of bioconjugation processes / chemical reactions 110 and local viscosity sensing. 111 Furthermore, this technique can also differentiate stable conjugates from the ones that may be slightly aggregated, since the aggregates do not show well-fitted autocorrelation curves. 110, 111 Thus, FCS proves to be a valuable and sensitive technique to characterize and study bare QDs and their conjugates.
Fluorescence microplate assay
Fluorescence microplate assay (FMA) is an important method, developed by Carvalho and co-workers 112 that has the advantage of offering a practical, quantitative and fast analysis of several samples at the same time. According to these authors (as shown in Figure 7 ) the FMA principle is based on the QDs native fluorescence and the affinity of some biomolecules, such as proteins, for polystyrene microplates. In this method, non-conjugated QDs are removed after rinsing, because they do not have affinity for the microplate and, non-conjugated proteins will be adhered to the microplate but will not emit light in the region of the analyses (400-700 nm). Thus, only proteins bioconjugated to QDs will show significantly detectable fluorescence.
The higher the signal, the greater the efficiency of the conjugation procedure. This process can be described in terms of the relative fluorescence (RF), which correlates the signal of conjugates (FL Test ) with the control ones (FL Controls -an average for QDs and biomolecules alone). A RF greater than 100% indicates an efficient conjugation and can be estimated by applying equation 2: 112 (2)
The bioconjugation of CdTe QDs with a variety of proteins, such as Tf, and also anti-A and anti-B Abs was evaluated using FMA. 22, 26, 112 Cabral Filho et al., 22 for example, obtained RF signals for anti-A and anti-B conjugates of 3,000 and 2,420%, respectively. As described before, this efficient QD-blood antibodies conjugation resulted in a specific and effective erythrocyte labeling. In addition, Cabral Filho et al. 113 developed specific multimodal probes based on CdTe QDs and iron oxide NPs associated with Tf. In their study, the authors tested two Tf concentrations, 88 and 162 μg mL -1 , obtaining an RF of 1,202 and 7,577%, respectively. Results indicated that the most concentrated Tf sample promoted the best bioconjugation. The multimodal QD-based nanosystem labeled specifically about 88% of human cervical carcinoma (HeLa) cells by flow cytometry and it was also an effective negative MRI contrast agent. Therefore, this technique can be also used to find the best biomolecules concentrations and experimental conditions for their association with QDs.
Electrophoresis
Electrophoresis is a technique routinely used in biology for the separation and quantification of electrically charged biomolecules, such as proteins, DNA, RNA, and has also been useful to evaluate QDs' conjugation with biomolecules. 110, 114, 115 Gel electrophoresis analyzes the bioconjugated samples subjected to an electrical voltage, which favors the separation of the systems by differential migration based on their size and charge. By comparing the electrophoretic mobility of the components alone (biomolecules or QDs) in relation to the conjugates, it is possible to evaluate the interaction between QDs and biomolecules. 116 This technique presents, as principal disadvantages, the analyses of few samples at a time and, in general, it is laborious as well as non-quantitative. 115 The polyacrylamide gel electrophoresis (PAGE), schematized in Figure 8a , is mostly indicated for conjugation confirmation and/or evaluation studies involving protein-conjugated QDs. 22, 117 This method is based on the differential migration of the nanocrystals and bioconjugates. Bare QDs migrate faster than the biomolecule conjugates since the latter are larger and heavier. Thus, when QDs are effectively associated with proteins only a single band is observed on the gel. On the other hand, if the conjugation is not complete, the gel will present more than one band referring to conjugates and bare QDs. Chouhan et al., 118 for example, confirmed a covalent bioconjugation between CdTe QDs and BSA by both native PAGE and sodium dodecyl sulfate (SDS) PAGE. They observed effects of a high negative charge, under native conditions of the conjugates (QDs-BSA) that increased their mobility when compared to the standard BSA. This difference was not observed in SDS-PAGE, because SDS masked the protein charges. Cabral Filho et al. 22 also confirmed QDs conjugations to anti-A and anti-B Abs by applying PAGE. These authors did not observe any QDs' single band in the conjugated samples, showing a successful conjugation. This result was confirmed by analyzing the bright labeling pattern of erythrocytes by fluorescence microscopy, as can be observed for example in Figure 8b .
Although PAGE technique offers more uniform pore sizes and higher resolution, most of the conjugated QDs are characterized in agarose gel due to their easier preparation. 119 Agarose gel electrophoresis has been used in the evaluation of QDs' stability, 114 in the separation of bare QDs from those conjugated to DNA molecules as well as in the confirmation of the QD-DNA interaction. 20, 120, 121 Agarose gel electrophoresis can also be used to analyze conjugation with Abs or their fragments and other biomolecules, such as peptides. 21, 119 Using this technique, Borghei et al. 20 distinguished complexes based on CdTe QDs and wild or mutated DNA sequences.
In capillary electrophoresis (CE), the sample is injected into one end of the capillary tube and, when submitted to an electrical voltage, it moves through the buffer being detected when reaching the other end. In comparison with traditional electrophoresis, CE is more sensitive, can be semi-quantitative, has the possibility of automatization and can generate greater quality and faster analyses. Generally, changes of intensity and quantity of peaks according to the migration time are recorded by electropherograms. If the analyses present a great number of peaks, it indicates that there are conjugates with a different number of biomolecules associated with each QD, due to differential migration times. Thus, the electropherogram enables the differentiation between QDs and their bioconjugates, because bare QDs present a shorter retention time, whereas conjugates would have longer retention times in the capillary tube. 110 Wang et al., 110 estimated a stoichiometry distribution of approximately one to four molecules of oligonucleotides conjugated to the QDs' surface by this method.
Dynamic light scattering and zeta potential
DLS is a popular technique used to determine the hydrodynamic diameter of particles in suspension at a given temperature and viscosity. In DLS, the sample is inserted in a special cuvette and is illuminated by a monochromatic light source, e.g., HeNe laser. Particles present in the sample are responsible for scattering the incident light. DLS technique analyzes the particle diffusion due to their Brownian motion. 67 Biomolecules conjugated to QDs can be characterized by assessing differences in DLS hydrodynamic diameter. Although, with a lower sensibility, when compared with FCS, an increase in DLS size for the conjugate is also a good indication that an efficient bioconjugation was carried out.
Another interesting tool to determine the efficiency of a conjugation process is zeta potential evaluation. In aqueous media, charged particles are surrounded by oppositely charged ions present in the solution, i.e., an electrical double layer consisting of the counter-ions is formed around the particles. The Stern layer (inner region) and the diffuse layer (outer region) make up this electrical double layer. Ions strongly attached to the particles are found in the Stern layer whereas ions loosely bound to the particles are in the diffuse layer. A "virtual" border within the diffuse layer, for which the ions move together with the NPs when an electrical voltage is applied, is also referred to as slipping plane (Figure 9a ). The electric potential formed at this interface is defined as zeta potential (ζ ). 123 To determine the zeta potential an electrical voltage is applied in a special cuvette containing the charged NPs in suspension. The NPs move towards the electrode of opposite polarity at a constant velocity that is proportional to surface charges and consequently the zeta potential. This movement is also monitored by light scattering. Zeta potential also provides information of the colloidal stability of the system. A suspension with good colloidal stability (ζ > + 20 mV or < −20 mV) should not show aggregation, as a result of mutual electrostatic repulsion between the particles. 124 In addition, a modification process on QDs' surface (e.g., ligand addition) could be also evaluated using zeta potential analysis. 123 Ipe et al. 125 reported the use of DLS and zeta potential techniques to confirm the protein cytochrome P450 BSβ conjugation with CdS and CdSe QDs. Upon protein conjugation to CdS QDs' surface, for example, increasing in the hydrodynamic diameter (near to three-fold) and modification in the nanoparticles charge from about ζ = −28 to −5 mV were observed. The authors demonstrated a linear correlation between the quantities of the protein per QD with zeta potential evaluation, that is, higher zeta potential values were observed for larger amounts of attached proteins. Aptamers conjugated to QDs have also been prepared and assessed as a fluorescent nanoprobe for breast cancer cell imaging as well as detection. 126 In this study, CdSe/ZnS QDs functionalized with maleimide were conjugated to thiol-modified aptamers. The bioconjugate displayed a more negative zeta potential value due to the presence of negatively-charged aptamers on the QDs surface. The aptamer addition was also evidenced by DLS with an increment in the average hydrodynamic size from about 17 to 27 nm for the QDs and their bioconjugates, respectively. The fluorescent nanoprobes showed to be promising for in vitro diagnostic and bioimaging since differentiated labeling between the breast cancer and normal fibroblast cells were evidenced.
Cabrera et al. 36 prepared bimodal nanosystems (BNPs) based on QDs conjugated to FF NPs. Firstly, the authors used zeta potential analyses to show the surface modification of the magnetic NPs by APTES, observing a variation from ζ = −23 to +23 mV, as schematized in Figures 9a and 9b . After conjugation to QDs, the authors described a negative value of ca. ζ = −27 mV as evidence that the positively-charged FF NPs were coated with negatively-charged QDs. Figure 9c shows the optical and magnetic properties of the BNPs. The authors revealed the BNPs as promising MRI and fluorescent nanoprobe promoting efficient cell labeling. Table 1 shows a compilation of the evaluation bioconjugation methods discussed above. In the case of analyzing the conjugation with surfaces, spectral characterization of solids or electrochemical techniques (such as voltammetry or electrochemical impedance spectroscopy) could, for example, be applied. 35 It is also worth mentioning that despite the use of these conjugation evaluation techniques, to avoid false positive or false negative results, additional tests (control cells and tissues samples or inhibition and even saturation assays) are necessary. Moreover, depending on the type of the conjugation technique employed, it is also necessary to block the activated functional groups during the bioconjugation process before the application. 46, 113 
Conclusion
Semiconductor QDs have proven to be valuable tools in biology since they were introduced as new a new class of fluorescent probes in 1998. The combination of the Vol. 30, No. 12, 2019 QDs' optical properties with the functionalities of the conjugated biomolecules (molecules, coordinating systems, nanoparticles, etc) has enabled their applications in any study conventionally performed with fluorescent organic dyes, such as linear and non-linear microscopy, flow cytometry or even experiments involving förster resonance energy transfer and fluorescence lifetime measurements. These versatile applications have been possible due to the development of several conjugation approaches proposed by adapting known procedures used in organic chemistry. The conjugation strategy needs to be carefully selected and executed, taking into account the biomolecule nature to avoid unspecific labeling or even the loss of the QDs' optical properties. The appropriate coupling agents depend on the functional groups present in the systems of interest (that is, the (bio)molecules, nanoparticles or interfaces) and the QDs' coating surface. Throughout this review, we showed different covalent and non-covalent conjugation strategies currently applied for biological purposes. Additionally, we also discussed that, although the chemical steps of the reactions are well established, the application for determined (bio)systems must be carefully tested.
It is necessary to observe that each biomolecule has its own particularities that do not allow the systematization of conjugation methods. Moreover, we presented some of the main methods currently described to evaluate the conjugation efficiency, which represent fundamental feedbacks to reach a successful application. Thus, we can conclude that the (bio)conjugation strategies described up to now are versatile and were efficiently applied, but there are still many challenges to be overcome. 
